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The present study aims to determine the effect of heat treatment on the bulk etch rate of
un-irradiated and gamma irradiated CR-39 detector. Track density and the damage in
samples surface due to the heat treatment have also studied for the un-irradiated and
gamma irradiated CR-39 detector. The samples of CR-39 polymer track detector has been
exposed to g-ray from 60Co source with doses 0, 10, 50, and 100 kGy then exposed to a-
particles from the air radon gas. These samples have been annealed at 50, 100 and 150 C
for different annealing times then etched in 6.25 N NaOH solution at 70 C for 6 h. The
variation of bulk etch rate and the track density as a function of annealing temperature
have been studied. The bulk etch rate increases with gamma dose and with increasing both
of the annealing time and the annealing temperature. The decrease of track density with
increasing the annealing time and the damage of annealed gamma irradiated CR-39
samples clarify serious degradation under the effect of heat treatment.
Copyright 2014, Beni-Suef University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
CR- 39 is the trade name of polyallyl diglycol carbonate
(PADC). It is a polymer having chemical composition C12H18O7.
It is a class of plastic detectors which has been most widely
used for the charged particles detection and measurementtment (Physics), Modern
ail.com (M.Y. Shoeib), heg
i-Suef University
sevier
ity. Production and hostand also for neutron dosimetry (Al-Azmi et al., 2008; Zaki and
El-Shaer, 2007; Zuhair, 2011). Solid state nuclear track de-
tectors SSNTDs have some potential advantages such as low
cost, less weight and ability to discriminate against lightly
ionizing particles. These detectors have provided very valu-
able results in various fields such as nuclear physics, astro-
physics and geophysics. A number of environmental factorsAcademy for Engineering & Technology, Maad, Cairo, Egypt. Tel.:
azy@yahoo.com (T.M. Hegazy), ghada.maher81@yahoo.com (G.M.
ing by Elsevier B.V. All rights reserved.
Fig. 1 e The relation between the bulk etch rate and
annealing time at annealing temperature 50 C.
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SSNTDs. Among environmental factors, temperature is sig-
nificant because low temperature can decrease the diffusion
of displaced atoms in the vicinity of particle tracks whereas
higher temperature can increase their diffusion causing par-
tial repair of the radiation damage (Rana et al., 2000).
Exposure of solid state nuclear track detectors in open
environment to study the cosmic rays composition may lead
to the changes in their sensitivity or track registering effi-
ciency due to the sun radiation and other atmospheric con-
ditions like temperature and relative humidity (Tanaka et al.,
1984). Elevated temperatures can induce changes in the bulk
detector material and in the latent damage tracks. It is well
known that thermal annealing of polymeric materials
changes their morphology at temperatures higher than their
corresponding glass transition temperature (Tg). Below Tg,
polymeric chains remain almost immobile and retain their
original morphology. However, at annealing temperatures
above Tg, energy gained by polymeric chains, enhances the
inter-chain interactions which results in morphological
changes in the polymer. These changes inside the annealed
polymers lead to alter their electrical, optical, mechanical
properties etc (Jellinek, 1978; Tager, 1978).
Among the physical factors capable of initiating chemical
reactions in polymers, an important place is occupied by the
action of heat because it underlies one of the most important
characteristics of polymers- their thermal stability. The effect
of high temperatures causes most polymers to degrade, i.e.
their macromolecules break up into smaller molecules and
even monomers. Various changes can occur in polymers
depending on the chemical structure of their molecules. For
instance, some polymers completely depolymerize, i.e.
degrade to the monomer. The rates of radicals’ polymeriza-
tion and depolymerization increase with the temperature. At
a certain temperature, these rates may become equal
(Kuleznev and Shershnev, 1990). Thermoplastic polymersmay
be subjected to high temperatures, where thermosetting
polymers after the completion of polymerization can even-
tually lose their strength if they are exposed to high temper-
atures since degradation occur in them. The most critical
effect of increased temperature is an increased rate of
chemical reaction which involves breaking and recombina-
tion of bonds. As a result, properties of polymers change
completely (Hajra Choudhury, 1999).
Annealing studies of radiation damage in solid state nu-
clear track detectors SSNTDs produced by different incident
particles and energies are very important for a better under-
standing of the physical process involved. Annealing is a
process by which the latent damage trails produced in
SSNTDs by charged particles are completely or partially
removed at elevated temperature. The annealing models
presume that the annealing of damage trails occurs due to
diffusion is going on in plastics too or movement of molecular
fragmentswithin a polymer. Thus, when a SSNTDs containing
tracks is heated at a series of temperatures (T), the time (t) for
total fading at each temperature is determined. The results
normally fit a Boltzmann equation of the form;
t ¼ A exp

Ea
kT

(1)Where k is the Boltzmann constant and A is another constant.
Then the activation energy (Ea) for total fading can be deter-
mined. However, the problem of removal of tracks by thermal
annealing is generally more complicated (Fleischer et al.,
1975).
When ionizing particle passes through a plate of plastic, it
produces a latent track as a result of damage caused by the
energy deposition of the particle. This track can be made
optically visible by means of chemical etching. Two simulta-
neous etch rates control the development of conical etch pits:
the general etch rate (Vb), which removes the bulk of material
isotropically, and the track etch rate (Vt), which etches along
the particle path (Fleischer et al., 1975). Chemical etching is
the most widely used technique for revealing the latent
damage trails of ionizing particles in solid detectors (Khan
et al., 2002).2. Experimental details
2.1. Material and irradiation conditions
The samples of CR-39 polymer track detector of average
thickness 1 mm obtained from TASTRAK (manufactured and
provided by Track Analysis Systems Ltd. (TASL), Bristol, UK).
They were cut into small pieces of (2  2) cm2. The samples
were irradiated with different doses of gamma rays (0, 10, 50
and 100 kGy) from Gamma Irradiation Unit e Nuclear
Research Center e Atomic Energy Authority e Egypt using
60Co as a gamma ray source with (3.09 kGy/h) dose rate. The
irradiated samples were exposed to the open air radon to
collect a-tracks at room temperature (nearly about 25 C) for
two months. Where samples attached to bottom of plastic
cups, in a vertical position and the mouth of the cup was
covered with a lid to prevent dust particles from entering into
Fig. 3 e The relation between the bulk etch rate and
annealing time at annealing temperature 150 C.
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diffusion.
2.2. Measurements and chemical etching process
Binder oven with accuracy 2 C (WTC Model) was used to
annealed samples at temperatures 50, 100, and 150 C for
different annealing times. These samples were annealed at
different annealing temperatures for different annealing
times etched at 6.25 N NaOH solution in water bath at tem-
perature (70  1 C) for 6 h as etching duration. After etching
process the bulk etch rate was measured using digital micro-
meter of accuracy 1 mm.
The number of tracks was determined using an optical
microscope, to confirm the authenticity designate; an optical
microscope attached with a video camera via a numerical
interface card with PC and specified software (Arc Soft Web-
cam Companion) was used. The track density was calculated
where the irradiated samples etched with concentration of
6.25 N NaOH solution for 6 h as etchant process duration.
Optical microscope was with field view of length 0.03 cm.3. Results and discussion
In order to observe the isothermal annealing effect on the
samples; Figs. 1e3 are show the relation between the
annealing time and the bulk etch rate of CR-39 samples
annealed at different temperatures. The bulk etch rate (Vb)
was determined using the thickness measurement technique
from the equation (2):
Vb ¼

DL
2Dt

(2)
Where (DL) is the removal thickness and (Dt) is the etching
time (Malik et al., 2002). Where the un-irradiated CR-39Fig. 2 e The relation between the bulk etch rate and
annealing time at annealing temperature 100 C.samples illustrate slow increase in bulk etch rate with
annealing time at different annealing temperatures. The
gamma irradiated CR-39 samples with 10 and 50 kGy show a
slow increase in bulk etch rate for short annealing time and
give rapid increase for longer annealing time. CR-39 polymer
detector irradiated with 100 kGy gamma dose shows high in-
crements in bulk etch rate, this high increments may be
related to the thermal degradation in polymeric material by
the effect of high gamma dose. The present results agree with
the results carried out by Brahimi et al. for high gamma dose
(Brahimi et al., 2008).
Figs. 4e7 illustrate the isochronal annealing for 30 and
180 min for different annealing temperatures. At annealing
time 30 min the un- irradiated and gamma irradiated CR-39
samples with 10 kGy show approximately constant bulk etch
rate, and the bulk etch rate for the gamma irradiated CR-39Fig. 4 e The relation between the bulk etch rate and
annealing temperature for un- irradiated samples at
annealing times 30 and 180 min.
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Fig. 5 e The relation between the bulk etch rate and
annealing temperature for irradiated samples with 10 kGy
at annealing times 30 and 180 min.
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Fig. 7 e The relation between the bulk etch rate and
annealing temperature for irradiated samples with
100 kGy at annealing times 30 and 180 min.
b e n i - s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 3 ( 2 0 1 4 ) 7 4e7 9 77samples with 50 kGy give very small increment. But for
gamma irradiated CR-39 samples with 100 kGy; the bulk etch
rate begin a real increase with annealing temperature. On
other side, at annealing time 180 min the bulk etch rate be-
comes with really increasing behavior against the annealing
temperature. Especially for gamma irradiated CR-39 samples
with 100 kGy, while the bulk etch rate clarify a large increase
with annealing temperature with respect to its increase for
the un-irradiated samples. The increase in bulk etch rate with
increase the annealing temperature is due to the modification
of the detector material by irradiation with stronglyAnnealing temperature (oC)
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Fig. 6 e The relation between the bulk etch rate and
annealing temperature for irradiated samples with 50 kGy
at annealing times 30 and 180 min.penetrating gamma radiation. And also due to a chemical
change occurs in the thermoset polymers as a result of heat-
ing (Ahluwalia and Mishra 2008; Cleland et al., 2003), which
makes the polymeric material becomes brittle and the ability
of breaking increases (Fried, 2005). And it is known, the radi-
ations cause degradation, crosslinking of polymers, an in-
crease in the un-saturation of the molecular chains and
breaking up of the crystalline structures. Irradiation also
causes a polymer molecule to be ionized and excited, all of
these processes introduce modification in the polymeric ma-
terial (Kuleznev and Shershnev, 1990). The results of annealedAnnealing time (min)
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Fig. 8 e The relation between the annealing time and track
density for un- irradiated samples.
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Fig. 9 e The relation between the annealing time and track
density for irradiated samples with 10 kGy.
Fig. 11 e Photomicrographs of annealed un-irradiated CR-
39 sample.
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Khier et al., results which clear that; as a general behavior,
the bulk etch rate increases as the annealing time increases,
where the rate of increasing depends strongly on the
annealing temperature (Abou El-Khier et al., 1995; Pinherio
Filho et al., 1996).
The track density of annealed un-irradiated and gamma
irradiated CR-39 samples at different temperatures are shown
in Fig. 8, where the Figure shows the inversely relation be-
tween the track density and annealing time at temperatures
50, 100, and 150 C. The track density was studied under the
effect of annealing at different temperatures 50, 100, and
150 C for different annealing times ranging between 30 and
180 min for samples irradiated with different g-doses 10, 50,
and 100 kGy. Fig. 9 illustrates the inversely relation between
the track density and annealing time at different annealingFig. 10 e The relation between the annealing time and
track density for irradiated samples with 50 kGy.temperatures for gamma irradiated CR-39 samples with
10 kGy. Fig. 10 shows the inversely relation between the track
density and annealing time at temperature 50 C for gamma
irradiated CR-39 samples with 50 kGy, however these samples
cannot clarify any tracks at temperatures more than 50 C.
Decreasing track density with increase annealing tempera-
ture, annealing time and gamma dose may be due to the over
etching of tracks; very flat tracks non detectable by an optical
microscope. Fig. 11 illustrates typical image taken by an op-
tical microscope to clarify the increase in the volume of tracks
and the tracks overlapping with the effect of heat treatment.
Also the gamma irradiated CR-39 samples with 100 kGy did
not register any tracks because of the damage on the samples
surface. The annealed gamma irradiated CR-39 samples show
change in their color, where their color change to dark yellow
and for the annealed samples which irradiated with high
gamma dose their surface shows many cracks and the dam-
age on sample surface become more and more, so that no
tracks detected in these samples. This damage and the sam-
ples color change are due to the heat treatment and irradia-
tion. That because the most critical effect of increased
temperature is an increased rate of chemical reaction which
involves breaking and recombination of bonds. As a result,
properties of polymers change completely (Hajra Choudhury,
1999). And also the irradiation of polymers is a destroy of the
initial polymeric structure by crosslinking, formation of free
radicals, bonds cleavages etc. that results in the fragmenta-
tion of molecules and formation of saturation and un-
saturation groups (Marletta, 1990; Singh et al., 2005). These
processes introduce defects inside the polymericmaterial that
are responsible for change in the optical and structural
properties of the polymeric material (Nasef et al., 2003).4. Conclusion
The bulk etch rate increases with increasing the annealing
time, and in case of isothermal and isochronal annealing the
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temperature. The increment of bulk etch rate with increasing
the gammadosemay be due to the degradation in the samples
with action of gamma ray. The decrease of track density at
different annealing time with the increasing of the annealing
temperature might be due to the thermal degradation in
polymeric material. The color change, damage and cracks on
the samples surface may be attributed to the change in
structural and optical properties of polymeric material. This
study showed that, the gamma irradiated CR-39 samples un-
dergo serious degradation under the effect of heat treatment.
So the present study advises that not be exposed, the gamma
irradiated CR-39 detector to heat treatment to keep the poly-
meric material of CR-39 nuclear track detector.r e f e r e n c e s
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